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INTRODUCTION 

In  the  course  of  reviewing  various  thermal  and  elastic  properties  of 
glasses,  it  has  been  clearly  shown  (refs.  1-2)  that  two  types  of  anomalous 
behavior  exist  in  the  vibrational  properties  of  inorganic  glasses. 

The  first  is  related  to  abnormally  low-frequency  vibrational  modes  for 
which  volume  dependence  o~  frequency  (  i.e.,  da/dV)  is  positive,  and  in¬ 
cludes  anomalous  properties  such  as  negative  thermal  expansion  coeffi¬ 
cient,  positive  temperature  derivative  of  elastic  moduli  and  negative 
pressure  derivative  of  elastic  moduli,  all  of  which  are  characteristic  of 
the  tetrahedral  glasses  like  fused  silica.  The  second  type  depends  solely 
upon  the  low-frequency  vibrational  ssedes  and  includes  properties  such  as 
large  acoustic  less,  excess  specific  heat,  and  low-frequency  Raman  scat¬ 
tering,  all-  of  which  are  characteristic  of  glassy  state,  in  general.  This 
paper  reports  on  the  elastic  moduli,  thermal  expansion  and  acoustic  loss 
in  fused  silica,  and  in  seven  sodium  silicate  glasses,  as  the  function  of 
composition,  pressure,  and  temperature-  Although  several  investigations 
on  the  elastic  and  thermal  properties  of  alkali  silicate  glasses  have  been 
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(e.g.,  refs.  1,  3-6),  virtually  no  data  exist  on  ultrasonic 


attenuation  in  such  glasses,  except  for  some  lower  frequency,  high- 
temperature  data  (ref.  22). 

The  elastic  properties  of  simple  silicate  glasses  in  general  depend 
on  the  density  of  the  Si-0-81  bonds  in  the  random  network  of  silica.  The 
addition  of  a  network-modifier  such  as  HajQ  results  in  a  breakdown  of  some 


of  those  bonds  and  the  formation  of  relatively  weaker  Si-O-Na  bonds  in 
proportion  to  the  Na^C*  added.  In  this  manner,  Charles  (ref.  7)  has  shofc 
that  Young’s  modulus  in  the  Ha,0-Si0-  glass  system  decreases  systemati- 

&  c 


increase  in  NsgO 


It  is  of  interest  to  study  the  changes  in  the  anomalous  behavior  of 
tetrahedral  silica-like  glasses  as  they  are  progressively  modified  b /  th 
addition  of  lla^O.  The  purpose  of  this  study  is  to  investigate  the  elas- 
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teruation  properties  of  the  glasses 


>2  glass  system  in  an  effort  to  elucidate  the  structural  changes 
random  silica-based  network,  and  the  mechanism  Involved. 
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Fused  silica  (COW  code  7950) f  obtained  from  the  Corning  Glass  Works, 
Corning,  New  York,  and  seven  sodium  silicate  glasses,  synthesized  at  the 
National  Bureau  of  Standards,  Washington,  D.C.,  were  used  in  this  study. 

The  chemical  composition  and  annealing  temperatures  of  the  sodium  silicate 
glasses  are  given  in  Table  1.  Right  circular  cylinders,  1.25  cm  long, 
were  prepared  from  the  glass  samples  for  the  velocity  measurements  as 
function  of  pressure  (to  5  kbar  at  298°  K)  and  temperature  (293-598°  K  at 
1  bar);  cylinders  of  approximately  the  same  length  but  larger  diameter 
('*>2  cm)  were  used  for  the  low-temperature  (50-298°  K)  attenuation  and  velo¬ 
city  measurements,  in  order  to  minimize  the  errors  of  the  side-wall 
effects  in  attenuation  work .  The  end-faces  of  cylindrical  specimens  were 
paralleled  to  within  1  part  in  10^  parts,  and  polished  flat  to  ±1/2  wave¬ 
length  of  sodium  light. 

The  pulse  superposition  technique  (ref.  8}  was  employed  for  studying 
the  pressure  and  temperature  dependence  of  ultrasonic  velocities  and, 
hence,  of  the  moduli.  X-  and  Y-cufc  quartz  transducers,  0-65  cm  diameter, 
having  ?r  MHs  natural  resonant  frequency  were  used  to  generate  compres¬ 
sions!  and  shear  waves  in  the  specimen;  30  MHz  transducers  were  used  for 
attenuation  measurement.  The  bonding  materials  between  the  specimen  and 
transducer  were:  Dow-Corning  276-V5  resin  for  the  pressure  measurements 
at  high  pressure;  HT-525  epoxy  (manufactured  by  American  Cyanasid  Co.)  at 
high  temperatures  <298-598°  K);  and  * Ncnaq ’  SvQpCOCK  ease  (Fisher  Scien¬ 
tific  Co.)  for  the  low-teaperature  velocity  and  attenuation  measurements. 
The  details  of  the  ultrasonic  equipment,  the  high-pressure  and  high-ten- 
perature  apparatus,  and  the  procedure  for  evaluating  the  pressure  and 
temperature  velocity  data  have  been  described  previously  (ref.  9).  The 
basic  exoer  imental  measurement  was  the  pulse  repetition  frequency  (Pnr)  of 
the  carrier  rf  wave  applied  to  the  transducer  attached  to  one  plane- 
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values  of  Mdi  Griireisen  parameter,  car.  be  evaluated  froa  pressure 
dependence  of  velocities  (ref,  13).  The  values  of  Thp  increase  store 
rapidly  than  Yth  <S<hss  with  Increasing  r:-_C  content  Cflg.  7).  AltMapi  the 
YI»  velu-3  ar*  negative  and  larger  than  the  Yth  values,  both  Gruneisen 
parameters  Increase  when  Ka20  is  added  to  the  silica  structure. 

Temperature  dependence  of  y«.h  in  the  range  of  E  is  in 

rig.  8.  In  fused  allies  aM  the  lower  soda-content  glasses,  the  y,  value 
is  wrs  or  less  tenperature-invariant -  For  higher  soda-content  glasses, 
h.n  inc  reason  Bore  rapidly  with  teBperature. 
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One  of  the  most  Interesting  findings  of  this  study  is  the  shifting  of 
the  peak  attenuation  temperature  (in  th.t  low-temperature  range)  with  in¬ 
creasing  Na20  content;  the  peak  attenuation  temperature  for  each  glass  is 
indicated  by  an  arrow  (figs.  9  and  10).  Because  of  the  broadness  of  the 
attenuation  curves,  there  is  significant  uncertainty  in  determining  the 
peak  temperatures.  Also,  since  the  peak  attenuation  temperatures  for 
glasses  K110  and  Kill  would  fall  below  80°  K — outside  the  temperature 
range  of  this  study — the  peak  attenuation  temperatures  for  these  glasses 
were  estimated  by  extrapolating  the  attenuation  versus  temperature  curves 
(Pigs.  9  and  10);  hence  the  relationship  shown  in  Fig.  12  is  subject  to 
further  uncertainty. 

However,  compared  to  the  peak  attenuation  temperature  of  47°  K  for 
fused  silica  (refs.  I1!,  16),  the  peaks  for  the  Na^O-SiOg  glasses  certainly 
appear  to  be  composition-dependent.  Since  the  beak  attenuation  tempera¬ 
ture  increases  with  increase  in  the  Na2Q  content,  the  effect  of  adding 
Na.,0  to  Si02  is  opposite  that  of  adding  Na^O  to  GeOg  (ref-  11),  although 
there  are  structural  similarities  between  fused  Si02  and  Ge02  (both 
glasses  have  tetrahedral  structures). 

For  the  low-temperature  structural  relaxation  mechanism,  such  as  that 
present  in  fused  silica  (ref.  14}  and  presumably  also  in  the  Na20-Si02 
glasses,  it  would  be  of  interest  to  compute  from  the  frequency-dependence 
of  the  peak  attenuation  temperatures  the  most  probable  activation  energies 
for  different  concentrations  of  Na20.  However,  as  attenuation  data  at 
different  frequencies  are  not  yet  available  for  these  glasses,  no  attempt 
can  be  made  to  calculate  the  activation  energies  for  these  glasses  (for 
fused  silica,  activation  energy  is  'vlOBO,  cal/mole;  ref.  l4)i  However, 
from  the  shift  of  the  peaks  to  higher  temperatures  (Fig.  12),  it  is  sug¬ 
gested  that  in  some  systematic  fashion  the  activation  energy  increases  with 
Na?0,  contrary  to  that  found  for  the  Na«0-Ge0?  system  (ref.  11).  Although 
the  high-temperature  Na  relaxation  (>250°  K)  seems  to  obscure  the  low- 
temperature  side  of  the  attenuation  curve,  at  least,  for  higher 
content  glasses,  it  is  clearly  inferred  from  the  magnitudes  of  attenuation 
curves  of  the  Ha20-Si02  glasses  (figs.  9  and  10)  that  the  magnitude  of 
attenuation,  and  thereby  relaxation  strength,  decreases  with  increasing 
Ha^O.  As  a  phenomenon,  this  behavior  can  be  interpreted  oh  the  basis  of 
a  structural  model  in  which  the  Na-O  molecule  modifies  the  existing 
Si-O-Si  bonding  sites.  This  modification  may  result  in  the  formation  of  a 
weaker  Si-O-Ila  bond  or  an  untridged  Si-0-  bond.  The  former  would  impede 
the  movement  of  the  oxygen  atoms,  and  since  movement  of  the  oxygen  atom  is 
the  cause  of  attenuation  this  would  result  in  decre  .se  in  the  attenuation, 
accompanied  by  the  increase  in  the  activation  energy  as  revealed  by  the 
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shifting  of  the  attenuation  peak  to  higher  temperatures.  The  latter 
modification  would,  however,  make  no  contribution  to  attenuation.  In 
other  words,  a  loosening  of  structure  occurs  with  the  addition  of  soda, 
which  is  in  agreement  with  the  low  frequency  internal  friction  work 
(ref.  22). 

In  high-soda  glasses,  at  30  MHz,  one  would  expect  to  find  Ha+ 
relaxation  at  temperatures  above  room  temperature.  Near  r^ora  temperature 
(Figs.  10  and  11),  the  temperature-dependence  of  both  longitudinal  and 
shear  attenuation  increases  with  increasing  Na-,0.  The  effect  of  composi¬ 
tion  on  the  internal  friction  at  much  lower  frequencies  (.CP-Hz)  for  Ha26- 
Si02  glasses  studied  by  Forry  (ref.  22)  shows  a  decrease  be  „h  in  intensity 
and  peak  temperature  as  Na20  concent  increases.  In  light  of  this  and  out 
res"  ts,  it  may  be  concluded  that  the  expected  nigh-temperature  attenuation 
peak  is  shifting  toward  lower  temperatures  with  increasing  lia20.-  A  similar 
shift  in  Na  relaxation  tempera times  has  also  been  observed  in  the  Na20— 
Go02  Classes  (ref.  11).  This  type  of  high-temperature  relaxation  requires 
large  activation  energy  compared  to  low-temperature  structural  relaxation. 
It  Is  desirable  to  investigate  further  the  composition  dependence  of  Na"^ 
relaxation  at  High  temperatures  and  low  frequencies  in  other  types  of 
glasses. 

5.  Summary 

a.  Elastic  moduli  of  NagO-SlOg  glasses  and  their  pressure  and  temperature 
derivatives  vary  systematically  with  composition.  Increasing  Ra20  content 
results  in  decrease  of  y  and  E  moduli.  K  modulus  first  decreases  (^10f 
Ha20)  and  then  increases  with  increase  in  Na2u.  Low-soda  glasses  exhibit 
anomalous  behavior  under  pressure  and  temperature.  The  degree  of  anomalous 
behavior  decreases  with  increasing  Ha2Q,  i.e.»  the  pressure  derivatives  of 
moduxi  increase  and  the  temperature  derivatives  decrease  with  increase  In 
Ha20. 

b.  The  6run«isen  parameters  Yt-n  and  y^  increase  with  Na20.  The  disparity 
between  the  yth  and  y^  values  decreases  as  NSjO  increases;  at  70  mole  % 
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temperature;  the  temperature  dependence  of  y  increases  with  increase  in 


c.  At  room  temperature,  shear-wave  attenuation  at  30  KHz  is  larger  (c-2 
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on  peak  (duo  to  structural  relaxation 
K  is  also  found  In  Na 


cenperature  is  found  to  Increase  with 


indicating  that  the  activation  energy  is  increasing  with  Na20,  contrary  to 
what  has  been  previously  reported  for  Na20-Ge02  glasses  (ref.  11),  The 
attenuation-temperature  curves  at  these  low  temperatures  show  a  reversed 
relationship  compared  to  that  found  at  room  temperature,  i.e.,  the  attenua¬ 
tion  peak  height  decreases  with  increasing  Na20.  Explanation  is  offered 
in  terms  of  the  formation  of  Si-O-Na  bonds,  which  are  weaker  than  Si-O-Si 
bonds. 
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